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Abstract
Currently, the Free electron laser user facility FLASH

at DESY is undergoing a significant upgrade involving the
complete transformation of one of its beamlines to allow
external seeding. With the Echo-Enabled Harmonic Gener-
ation (EEHG) seeding method, we aim for the generation
of fully coherent XUV and soft X-ray pulses at wavelengths
down to 4 nm. The generated FEL radiation is sensitive to
various electron beam properties, e.g., its energy profile im-
printed either deliberately or by collective effects such as Co-
herent Synchrotron Radiation (CSR). In dedicated particle
tracking simulations, one usually makes certain assumptions
concerning the beam properties and the collective effects to
simplify implementation and analysis. Here, we estimate
the influence of some of the common assumptions made
in EEHG simulations on the properties of the output FEL
radiation, using the example of FLASH and its proposed
seeding beamline. We conclude that the inherent properties
of the FLASH1 beam, namely the negatively chirped energy
profile, has dominant effect on the spectral intensity profile
of the radiators output compare to that of the CSR induced
chirp.

INTRODUCTION
Echo-Enabled Harmonic Generation (EEHG) [1] is an ex-

ternal seeding technique for Free Electron Lasers (FEL). In
comparison with the classical Self Amplified Spontaneous
Emission (SASE) scheme, seeding techniques offer tempo-
rally coherent, narrow-bandwidth FEL radiation with much
better shot-to-shot stability [2]. In comparison with other
seeding schemes, EEHG provides higher conversion effi-
ciency at high harmonics of the seed laser wavelength and
more robustness with respect to the initial beam quality [3].
FLASH2020+ [4] is a major upgrade of the existing FLASH
(Free electron LASer in Hamburg) facility, which includes
the reconstruction of the FLASH1 beamline to allow exter-
nal seeding. The EEHG option in FLASH1 beamline will be
used to generate soft X-ray radiation with wavelengths down
to 4 nm. The realization of EEHG is more challenging at
shorter wavelengths because of the precise phase space trans-
formations in the dedicated seeding section of the beamline
at higher harmonics. The essential components of the seed-
ing section are the two modulators and the two magnetic
chicanes, as depicted in Fig 1. Each component induces
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specific longitudinal energy correlations, which have to be
carefully chosen and transported through the beamline. Any
deviations from the design beam parameters at each point
of the beamline could have a detrimental effect on the per-
formance of EEHG-based FEL. Therefore, it is crucial to
investigate this section’s dynamic beam parameters in de-
tail. Particle tracking simulations are a widely used tool
for investigating beam dynamics, which can help anticipate
detrimental effects and indicate ways of mitigating them. At
the same time, the accuracy of the simulations in each par-
ticular case is restricted by the underlying approximations
and assumptions. Some of these assumptions are related to
the functionality of the simulation code. For example, in
EEHG simulations performed with Genesis 1.3 [5] the
effect of Coherent Synchrotron Radiation (CSR) in the chi-
canes is not taken into account, even though it can have a
noticeable effect on the electron beam parameters [6]. Other
assumptions are made deliberately by the user to make the
implementation or interpretation of the simulations more
straightforward. For example, while tracking the electron
beam through the EEHG seeding section with elegant [7],
one can neglect the initial electron beam energy chirp. The
effect of the initial electron beam energy modulations on
EEHG itself is well studied elsewhere (see, e.g., [8]), but
an interplay between the initial chirp and the modulations
induced by the CSR might be possible. In this work, we
use the example of the future EEHG beamline at FLASH to
see how the assumptions mentioned above can change the
properties of the output FEL radiation.

modulator 1 chicane 2 radiator

seed 1

modulator 2chicane 1

seed 2
Figure 1: Schematic of the simulated setup.

METHODS
The simulations are performed in two steps. First, we

start at the entrance of the first EEHG modulator, where the
electron distribution is generated by elegant according to
the beam parameters specified in Table 1. Two ideal matched
initial electron beam distributions are considered: in one,
the energy chirp is 0 MeV/ps (no chirp), and in the other
−15 MeV/ps, which is the expected value for 4 nm working
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point in FLASH1. All other beam parameters are the same.
The beam is then tracked in elegant through the seeding
section (shown in Fig. 1) up to the entrance of the radiator
section. The parameters of the seeding section are given in
the Table 1, where 𝐴1,2 is the energy modulation in terms of
the initial energy spread in the first and the second modulator
respectively and 𝑅(1,2)

56 is the dispersion strength of the first
and the second chicane respectively. In this work, we neglect
the CSR in the second chicane as well as in both modulators,
because it is expected to be much less pronounced than in
the strong first chicane. The CSR in the first chicane is calcu-
lated by the built-in method [9] implemented in elegant’s
CSRCSBEND element. The method uses 1D-model to calcu-
late longitudinal CSR-induced energy kicks along the dipoles
of the chicane and applies them to the electron bunch. The
model calculates the CSR in free space, ignoring the effect
of the resistive chamber walls of the chicane. The effect of
shielding and wakefields from the chamber walls will be
considered in future work. Further information about the
element and the application of the model can be found in
elegant’s manual [10].
The particle distribution at the entrance of the first radiator,

Table 1: Simulation Parameters

Initial beam parameters

Central energy 1350 MeV
Slice energy spread 150 keV
Bunch length rms 96 µm

Peak current 500 A
Normalized emittance 0.6 mm⋅mrad

Seeding section parameters

Seed lasers wavelength 300 nm
𝐴1 3.10

𝑅(1)
56 7.05 mm

𝐴2 5.18
𝑅(2)

56 81.25 µm
Radiator section parameters

Target wavelength 4 nm
Length 2.508 m × 11

Undulator period 3.3 cm

produced by elegant, is then converted into the format of
GENESIS particle distribution and imported into the simula-
tion for the radiator section. The most important parameters
of the radiator are also given in Table 1.

RESULTS AND DISCUSSION
Figure 2 (a) shows the energy profile of the initial electron

beam with (dashed blue line) and without (solid blue line)
the initial −15 Mev/ps energy chirp. The plot also shows
the current profile (solid black line) for the reference. Fig-
ure 2 (b) shows the energy profile of the electron beam at
the exit of the first chicane in the cases with (orange lines)
and without (blue lines) the CSR effect. From the plot, we

see that the energy profile of the electron beam changes in
the presence of the CSR especially in the region of the high
current. Based on the results of [6] we expect an effect on
the spectrum of the output FEL radiation. One can also see
from the plot that the amplitude of the CSR-induced energy
modulation is much smaller than the initial chirp.

Figure 3 shows the spectrum of the FEL output in the

Figure 2: (a) - Energy profile of the initial electron beam
with the current profile (solid black line); (b)- Energy profile
of the electron beam at the exit of chicane 1. The head of
the bunch is on the left.

vicinity of the target wavelength when power saturation in
the radiator is reached. From the plot, we immediately see
that the quality of the spectrum has deteriorated because of
the CSR-induced energy modulation. Despite the complex
shape of the spectrum, we see indications that the maximum
radiation power is shifted due to the CSR (see Table 2). We
also estimate the RMS bandwidths of the spectra, which
are given in Table 3. From this consideration, we conclude
that the RMS bandwidth of the FEL radiation changes by
one order of magnitude for the unchirped electron beam
due to the CSR. Finally, we repeat the simulations for the
case when the initial electron beam has a linear chirp of
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Figure 3: Spectral shape of the EEHG FEL pulse in the
saturation mode in the case of no initial electron beam energy
chirp.

Table 2: Resonant Wavelength Shift

Initial chirp no CSR (10−4nm) CSR (10−4nm)

0 MeV/ps - 2.66 (0.007%)
−15 MeV/ps 3.73 (0.009%) 5.31 (0.013%)

Table 3: RMS Bandwidths of the Output FEL Spectra

Initial chirp no CSR (10−4nm) CSR (10−4nm)

0 MeV/ps 0.17 1.31
−15 MeV/ps 0.81 1.11

−15 MeV/ps. Figure 4 shows the spectral shapes with (solid
orange line) and without (solid blue line) the CSR for the
initially chirped electron beam. The plot also includes the
spectrum for the CSR-affected unchirped beam (shaded or-
ange) from Fig. 3 for the reference. One can see that the
multiple peak structure is not observed in the spectrum with
the chirp present. This result is in agreement with the theory
from [6], that the multiple peaks in the spectrum originate
from the regions of the bunch, which have different local
chirp values. When a relatively strong initial linear chirp
dominates the electron beam energy profile, this mechanism
of spectral broadening is expected to have less importance
than the spectral broadening due to the initial electron beam
energy chirp described in [8]. From the bandwidth values
given in Table 3 we see that the relative spectral broadening
due to the CSR is only about 30% for the initially chirped
electron beam. The wavelength shift due to the CSR is still
observed; however, it is comparable to the bandwidth in this
case.

CONCLUSION
We have investigated how the dynamic energy profile of

the electron beam in the EEHG seeding section can affect the

Figure 4: Spectral shape of the EEHG FEL pulse in the
saturation mode in the case of 15 MeV/ps initial electron
beam energy chirp.

output FEL radiation spectrum. We considered the energy
profile of the electron beam at the exit of the first chicane
with and without CSR (in free space) effects in the chicane.
In addition, we simulated the spectral shape of the FEL
radiation by the beam in both cases. From comparing the two
cases, we have concluded that taking CSR into account can
significantly affect the EEHG-based FEL radiation spectrum.
The effect of CSR on the spectrum in the presence of a linear
energy chirp in the electron beam was investigated as well.
We concluded that the effect of the CSR-induced energy
modulation in the presence of the chirp is significantly less
critical. Future work will extend this work to include internal
beam scattering and the effects of chamber walls.
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